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Abstract

An investigation into single bubble dynamics detection in a liquid-filled column,
and monitoring and measurement of gas void fraction in a horizontal pipe using
AE technology has been performed. A correlation between Acoustic Emission
(AE) and Gas Void Fractions in two-phase gas-liquid flow in a horizontal pipe
has been established from this work. The results demonstrate the feasibility of
employing AE technology as an on-line monitoring tool for bubble dynamics and
flow patterns in two-phase gas-liquid flow in pipes.
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1 Introduction

Acoustic Emission (AE) technology is very practical as a passive and intrusive
tool for the monitoring of material processes and for the testing, detection, and
characterization of any present defect or particular event. AE describes the
process associated with the emission and propagation of strain waves, resulting
from localized modifications of materials [1]. If there is a transient release of
energy within a solid/medium, it is dissipated in the form of elastic waves which
can be detected on the surface by transducers. This process is known as Acoustic
Emission (AE) [2]. The frequency of the elastic wave is usually beyond the
human hearing threshold (25 kHz). The sensitivity of the AE transducer which is
made of piezoelectric material can detect sound beyond the human range of
hearing, i.e. 25 kHz-1MkHz is regarded as the backbone of AE technology.
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The application of AE technology as a monitoring tool in two phase gas-
liquid flow in pipeline is relatively new. It is gaining attention because the
advantages of the AE technology over the other measuring techniques has been
realised. It offers significantly reduced installation time as it can be fitted non-
intrusively to the pipe; in addition, the cost of the AE technology is considerably
less than existing systems. An active-observing benefit from the on-line
monitoring technique offered by AE technology provides information of current
process conditions such as flow patterns and velocity in a pipe.

Recently, AE technology’s application as a measurement and monitoring
tools for the two-phase gas-liquid system has been explored. Yen and Lu [3]
employed the AE technique, combined with artificial neural network technology
in their experiment to determine and observe the flow patterns (bubbly, slug,
churn and annular flow) of the two-phase flow in a vertical column bed. In a very
recent study, 2009, the AE technology was employed in the monitoring of slugs
and in the measurement of their characteristics — gas void fraction [4]. It is
concluded therefore that the GVF can be determined by measurement of the AE.
However, its applications in multi-phase and two-phase gas-liquid systems are
relatively few and still in their infancy stage. The opportunity for on-line
monitoring in two-phase flow with AE offers industry a complementary
technology. A passive AE technology offers an alternative to the intrusive
ultrasonic methods.

2 Background work of bubble detection

The concept of sound propagation interference which contributed by surface
discontinuities in solid material particularly metal, has been used in detecting
surface defects such as cracking and pitting. Such defects are known as
mechanical sources in moving parts/elements such as gears, bearings etc. In
addition, in a fluid system the AE could be attenuated/excited by sources such as
bubble activities including bubble formation, coalescence, break-up and
collapse/burst [5—7]. The other sources of AE generation in liquid flow are flow
turbulence, flow past restrictions, liquid flashing and recirculation/turbulence
[5, 8-10]. Those sources caused a change of pressure wave or sound pressure in
liquid. The establishment of AE from bubble activities in two phase gas-liquid
flow is interesting and has motivated this technique to be used for correlation
with gas void fraction in pipeline.

Phenomena in two-phase flow are quite complex and knowledge of two phase
gas-liquid flow and measuring techniques as related to key parameters (e.g.
phase velocities) and bubble activities such as bubble inception, coalesce, break-
up and collapse in liquid are not sufficient so far. In addition, two phase gas—
liquid flow plays an important role in industrial applications; hence, it seems a
strong reason for two-phase flow to be investigated [11].

Kloeppel [12] relates the sound generated from bubble collapse with liquid
wave where noted that the sonic energy is converted into mechanical energy,
causing shock waves and motion in the surrounding liquid. In another reference,
Ross [13] noted that the pressure pulse emitted by collapsing bubbles is of
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sufficient amplitude to produce shock waves. De-Bosset et al. [14] used a
pressure sensor to record the pressure change from bubble activities and the
results confirmed the association of pressure peaks with the shockwaves emitted
at cavity inception and collapse. It has been observed by many researchers that
the pulse started just as the bubble separates/pinches off from the nozzle [15-18].
Beside bubble inception and collapse events, bubble break-up and coalescence
are also sources of sound in liquid [5, 15, 19, 20].

Liquid stream in a pipeline is complicated with inter-phases induced due to
turbulence flow. Turbulence flow caused rupture of liquid where cavities were
thus generated [21]. This type of cavity is known as cavitation bubble.
Turbulence flow also caused bubbles’ coalescence which contributed to a greater
size. The bigger the size of bubble, the higher bubble potential energy contained
[14, 22-24]. The generated bubble/cavity as a result of the turbulence flow in a
pipe is commonly categorized as transient cavity and generally exists for less
than one cycle before collapsing violently [25]. Rebounds from a relatively
bigger size would probably be detected by transducers. Multiple bubbles
collapse/burst or rebound: the sound produced would increase whilst the
frequency remained the same. A single bubble activity generates an AE transient
signal in the waveform. Multiple bubbles’ activities (from bubbles cloud or
higher bubble population); inception, coalescence, break-up and burst resulted in
a mixed signal type of waveform.

There are four types of flow regimes has been characterized in two-phase
flow in a horizontal pipe; stratified, wavy, bubble, slug, and annular flow. The
flow patterns are dependent on the phase flow rates, see figure 1 [26].
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Figure 1: Horizontal flow regimes map [26].

Briefly, it can be explained that the gradual increase in liquid velocity (VSL)
will result in converting the wavy flow to what is described as slug flow. In this
flow pattern large waves of liquid form a slug that can fill the whole cross-
section of the pipe leading to the blocking of the downstream gases, see figure 1
and 9. In the case of slug flow in the pipeline, the elongated bubble induces
greater interfaces where the concentration of bubbles at its nose and tail would
collapse/burst at the free surface of a film region, see figure 9. This phenomenon
is one the reasons why at the presence of slug flow, the AE generated is higher.
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The contribution of bubbles, particularly at the region of nose and tail of liquid
slug body, can be illustrated as below and well explained in reference [4].

Evidence has been provided by many researchers that the acoustic pressure
waves are detected in the initial shape distortion of bubble formation phase when
a bubble detaches from the nozzle and in the subsequent collapse phase. Pressure
impulses depend on the bubble energy where it is estimated only ~10 to 15% of
the bubble energy contributed to the generation of pressure impulses [27]. High
pressures arise from the bubble activities (formation and collapse) which cause
compression to liquid and become an important factor in the motion near the end
of collapse when eventually the pressure pulse radiated from the bubble collapse
centre will take the form of a shockwave [28]. Shockwave then propagates with a
direct function of the pressure at any given point: the higher the pressure, the
greater the velocity of sound [29]. This shock wave propagation can be detected
by underwater sensor pressures such as hydrophone, microphones and AE
transducers.

Based on the evidence from a background survey and previous work at
Cranfield University, it is determined that the AE technology is feasible for
detecting gas bubble activities; formation, coalescence and collapse.
Furthermore, it is strongly believed that pressure pulses associated with the
bubble formation, coalescence in the liquid and burst at free surface are potential
sources for AE. This gives an indication that correlates with gas phase/Gas Void
Fraction (GVF) measurement in a horizontal pipe.
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Figure 2: Schematic diagram of the experiment for AE single bubble
detection.

3 Detection of a single bubble formation and burst

The apparatus employed for AE detection of a single bubble is shown in figure 6.
The rig consists of a column filled with water and salt-water for comparison on
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the effect of liquid viscosity on the emission of bubble activities. A single bubble
in the column was produced with a syringe. Sensor-1 was positioned at the
bottom near to the nozzle; sensor-3 was positioned near to the water free surface;
sensor-2 was positioned in mid-way of bubble travelling. The transducers had an
operating frequency of 100-750 kHz and a pre-amplification at 60 dB was
applied. The sampling rate for acquisition of AE waveforms was 2 MHz.
Threshold level 24 dB was set above the electronic background noise of the
acquisition system.

4 Experimental results

A waveform associated with a single bubble inception is shown in figure 3 (top).
A corresponding time-frequency plot was generated by the AGU-Vallen
software tool, see figure 3 (bottom) which showed the intensity of frequency
over the time of the signal captured during bubble inception.
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Figure 3:  AE from a single bubble inception (nozzle size 8.4 mm in
water (1 cP)).
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Figure4:  AE from a single bubble burst from nozzle size 8.4 mm in
water (1 cP).
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The waveform and wavelet plot from the data acquired from bubble burst at
the free surface is presented in figure 4. Both figures 3 and 4 show that the
bubble inception or burst has high frequencies of up to 750 kHz at the start of the
AE event.

The findings demonstrated that AE technology is very sensitive where it can
differentiate the emission from bubble activity with difference test parameters.
The magnitude of AE energy from bubble burst was dependent on liquid
properties; surface tension and viscosity, as well as the bubble size, see figure 5.
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Figure 5:  Average of energy from a single bubble burst as a function of

bubble size and viscosity.

5 Monitoring gas void fraction in horizontal pipe with AE

Having showed that AE has been successfully detected from a single bubble
activity (inception and burst), the application of this technique (AE technology)
has been explored to assess whether AE could be correlated to Gas Void Fraction
(GVF). In this experiment, three important parameters have been used that
commonly used to describe two-phase flow: Gas Void Fraction, Superficial
Liquid Velocity and Superficial Gas Velocity. Briefly, GVF is defined as the
ratio of the volumetric of the gas to the total volumetric flow-rate. In two-phase
flow Superficial Liquid Velocity (VSL) is defined as the volumetric flow rate of
liquid phase divided by the cross-sectional area of the pipe. Superficial Gas
Velocity (VSQG) is defined as the volumetric flow rate of gas phase divided by
the cross-sectional area of the pipe [30].

Liquid superficial velocity (VSL) ranging from 0.3 m/s to 1.0 m/s at
increments of 0.1 m/s, and the gas superficial velocity (VSG) ranged from 0.8
m/s to 9.4 m/s at increments of 0.2 m/s have been employed in this experiment.
For a reference/comparison measurement, conductivity rings which are
commonly used for GVF measuring devices were installed in the experimental
apparatus for gas void fraction (GVF) measurements (see fig 6 and 7).
Correlation of AE energy with the value obtained from conductivity rings then
has been performed.
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Figure 6:  Experimental setup for two-phase GVF monitoring and
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Figure 7: Test section: AE sensor, preamplifier and conductivity sensor.

Prior to the test; calibration work on the conductivity rings had been
performed. The gas-liquid phase fractions were achieved by injecting known
liquid volumes using an air compressor.

6 Experimental results and discussion

The results show that AE absolute energy steadily increased with the increase of
VSG at all VSL velocities, see figure 8. The AE obtained could be associated
with the flow pattern which was introduced by VSG. The results show evidence
that the main contribution for increasing AE energy was VSG. In other words,
the AE excitement was contributed by bubbles’ activities.
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Figure 8: AE absolute energy level measured at various VSL and VSG.

AE phenomenon of slug flow in a horizontal pipe could be correlated with the
slug head and tail respectively, see figure 9. A time-frequency plot (figure 9) of
an AE waveform associated with the slug showed frequencies of up to 500 kHz
at the earliest part of the AE slug wave. This high frequency was contributed by
bubble activities as shown in figures 3 and 4 for single bubble inception and
burst respectively.
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Figure 9: Typical AE Signal from fully developed slug flow.
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The results of WT of AE signal obtained from one of slug flow condition in
horizontal pipe, which present both contour map and 3D-plot are shown in
figures 10 and 11. Since the AE events are of short duration (tens of ps) and of
relatively high frequency, the 3D plots of the WT show very sharp peaks at high
frequencies at about 40— 50 ps. The contour maps (fig 10), shows the AE events
appear in the form of a very closed space ‘‘island’’ shaped contours at average
frequency around 400 kHz. Each AE signal appears as a distinctive peak
“mountain” in the 3D representation. This implies that the high-energy AE
signals, which have high amplitude and long duration, are composed of several
closely spaced individual events. The wavelet as presented in figures 10 and 11
just showing an example of the characteristics of AE on slug flow.
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Figure 10:  Example; time-frequency contour map of slug flow in horizontal
pipe.
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Figure 11:  3-D plot of wavelet transform (WT) of AE signal in fig 10.
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Figure 12 presents the measured GVF, calculated GVF and absolute energy
level of AE signal acquired at varying Vgg and a fixed Vg of 2.0 ms-1. Results
showed that any increase in GVF resulted in an increase in AE absolute energy.
This manifests a correlation between AE (AE Technology) and the calculated
and measured GVF (Conductivity rings).
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Figure 12:  Correlation; GVF and AE abs energy levels at VSL=2.0 m/s for
Chl.

7 Conclusions

The sensitivity of an AE sensor has been demonstrated in this experiment to
capture the emission from single bubble activities; inception and burst/collapse.
The result showed the AE level associated with bubble activity increases as a
function of bubble size and liquid viscosity. These findings confirmed the source
of AE activities in two phase flow which comes from bubble dynamics; therefore
it is evident that it provides a basis for assessing the applicability of AE to
monitoring gas content in multi-phase flow. AE technology has the potential to
be developed as a tool for flow pattern identification and monitoring in two
phase flow in pipes.
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